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PREFACE

The following reference was used extensively in the Introduction:

Goodman, John M. and Jules Aarons, The Radiowave Propagation Environment-

Science and Technology Objectives for the 80's, Effect of the Ionosphere on

Radiowave Systems, NRL and AFGL 1981.
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Introduction

The earth is surrounded by a cold ionized plasma called the ionosphere,

which has been a topic of considerable scientific study ever since the advent

of radio communications. The ionization of neutral atmospheric constituents

is due primarily to the action of the sun's radiation beyond 100 km above the

surface of the earth. The lowest region of the ionosphere is called the D

*region whose upper boundary is around 90 km altitude. This region is an

absorbing medium due to the high frequency of electron collisions. Ionization

V7 in the D region is caused by weakly absorbed radiation such as precipitating

energetic particles, hard solar radiation (0.1 to 1.0 nm; 1.0 nm =1.2 key),

Lyman a emissions from hydrogen and longer wavelength radiation that only

ionizes excited air molecules. Electromagnetic radiation is highly absorbed

- * when electron concentrations are large. These conditions exist during periods

of intense solar activity such as solar flares and polar cap absorption (PCA)

events.

The E region lies above the D region and extends to approximately 150 km

altitude. Next is the F region where the maximum electron concentration

* usually occurs near the F2 peak at - 250 km.

K: Photoionization by solar radiation is the primary mechanism for ionizing

-. high altitude atmospheric gases. However, precipitation by charged particles

at high latitudes can have significant effects on the properties of the

ionosphere.

The ionosphere is not a static medium. The neutral atmosphere is in a

state of continuous motion which interacts with the ionized plasma in

different ways depending on the altitude. In the D region below 90 kcm,
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collisions between ionized and neutral gases are frequent enough to make the

plasma velocity essentially equal to the neutral gas. In the E and F regions

between 90 and 250 km altitude, the earth's magnetic field controls ion and

electron motion influenced by neutral gas motion. Above the F2 peak, the

neutral density becomes so small that collisions become less important and

usual hydromagnetic forces prevail.

* In the altitude region between 90 and 200 kin, ionized plasma can move

relative to the neutral atmosphere causing currents to flow. The generation

of these current systems is further complicated by temporal and spatial

variations ot E-region conductivity and the requirement for closure of the

global current system.

Table I summarizes changes in the ionosphere that affect different

bandwidths of radio communications. Irregularities in the ionosphere can

result from solar induced phenomena including the aurora. Changes in the E-

region conductivity are an important aspect of this presentation.

Global Imaging

A remote sensing capability of E-region ionization is necessary to

6 understand global current systems. Ionosondes and topside sounders are tools

* that directly measure ionization enhancements by observing reflected radio

signals. These techniques are not easily adaptable for remote sensing.

However, electromagnetic radiation emitted in the process of ionization can be

monitored on a global scale from a satellite platform. Figure 1 shows a

schematic representation of the earth's ionosphere before and after a solar

disturbance. Inputs to the ionosphere directly from the sun and indirectly

* through the magnetosphere can be imaged in the visible, ultraviolet and X-ray

10
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Table I Radiowave propagation deficiencies

Type Frequency Application Deficiency

ELF 30-300 Hz One way communication Upper boundary of the propaga-
with submerged submarines tion wave guide is susceptible

to large scale irregularities

VLF 3-30 kHz VLF navigation and Degrading effects on communi-
comunication cation due to changes in signal

attenuation, phase and phase
rate attributed to perturbation
in the propagating medium

HF/HF 0.3-30 MHz Principal element in the HF band sensitive to ionospheric
Navy communications variations due to solar disturb-
system and over-the- bances
horizon radar

UHF/SHF 0.3-30 GHz Beyond line of sight Scintillation due to ionospheric
communications irregularities especially at F

region altitude
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SUN MAGNETOSPHERE

4SP

Fig. 1 The earth's ionosphere receives disturbances f rom the sun and the

magnetosphere which can be imaged by satellite instruments.
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wavelengths by satellite instrumentation. Historically the methods used can

be categorized by wavelength bands.

Visible Imaging

The first scientific satellite to fly a visible imager was the Canadian

ISIS-2. Scanning photometers centered on atomic oxygen emissions at 630.0 and

557.7 nm and molecular nitrogen at 391.4 nm were used to image auroral arcs at

altitudes near 2000 km, high enough to image the entire polar region under

ideal sun conditions (Anger et al.). 1 Some of the results of that program are

summarized by Murphree et al.2

Early in the 1970's, the USAF DMSP satellites began photographing auroral

arcs with good spatial resolution over a broad wavelength band towards the

infrared (Eather).3  Figure 2 and Figure 3 show two composites of DMSP auroral

imagery taken over Europe and the North American continent during winter

months when the polar regions are dark. The composite images are three

consecutive orbits at the same local time but over different regions of the

earth. The distance across each photograph at the auroral altitude is

approximately 2300 km. Figures 2 and 3 show how polar orbiting satellites can

image the ionization in the E and F regions of the ionosphere.

Figure 4 is a single orbit image over the south pole during the northern

summer and illustrates the variability and the dynamic nature of the particle

precipitation responsible for changes in the E and F region conductivities.

UV Imaging

The visible trAges shon in the previous section were obtained by

satellite instrumiets during ideal viewing conditions. Most of the time, the

13
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Fig. 2 Visible images of the northern auroral lights superimposed on a DMSP

image of Europe taken at night.
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* Fig. 3 Visible images of the northern auroral lights superimposed on a DNSP

image of the United States taken at night.
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polar regions of the earth are partially illuminated by sunligtt and during

_ solstice periods, one pole is almost completely sunlit. Some ultra-violet

emissions can be selected to reduce the amount of scattered sunlight penetrat-

ing the atmosphere into a satellite imager (Meng et ale).4 An example of

imaging a portion of the aurora by a low altitude polar orbiting satellite

called Hilat is shown in Figure 5. The image is taken at 149.3 nm in full

sunlight.

An imager flown on the Dynamics Explorer (DE-l) satellite at altitudes up

to 4 Re has provided full earth images in both UV and visible wavelengths.

Figure 6 shows the northern polar region on November 8, 1981 from an altitude

near 20,000 km. The image was taken in the 123.0 to 165.0 nm UV wavelength

bands. These auroral emissions arise primarily from the 130.4 and 135.6 rm

atomic oxygen lines.

X-Ray Imaging

At wavelengths down to 0.1-1 nm, the auroral emissions arise primarily

from the bremsstrahlung process. Instead of the precipitating electrons

exciting atmospheric atoms and molecules, they can lose some of their energy

. in the form of X-rays. The production of these X-rays is nearly independent

of atmospheric species. Measurements taken at the longer wavelengths are

. usually limited to one or two emissions and are usually of a single

atmospheric species. The shape of the bremsstrahlung X-ray spectrum is more

directly related to the input electron spectrum and is not strongly dependent

on atmospheric composition.

The first auroral X-ray measurements taken from a polar orbiting

satellite were made by the DMSP-F2 which was launched in 1977. Figure 7 shows

17
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Fig. 5 A portion of the auroral region imaged at 149.3 nm (Lyman-Birge-

Hopfield bands of N2) in full sunlight. A narrow arc is seen crossing

*the southern part of Greenland at the bottom left corner on July 23,

1983 by the AFGL/APL instrument aboard the Hilat satellite (Courtesv

of C. Meng).

18
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'i Fig. 6 A full view of the earth's northern polar region imaged in the 123.0

"-'. to 165.0 nm wavelength band. Local midnight is at the bottom right of

-'',the auroral oval. The earth's terminator crosses the equatorward

-"boundary of the local moon aurora. The image was taken by the

o

. University of Iowa instrument aboard the Dynamics Explorer-I satellite

--'" (Courtesy of L. Frank and J. Craven).
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Fig. 7 Three auroral crossings of the North American continent showing city

lights, auroral light and bremsstrahlung X-ray fluxes from 1.5 to 20

keV along the vertical scale. The X-ray energy flux intensity is

shown as vertical lines as the satellite crosses over the auroral

arcs. These data were taken with The Aerospace Corporation X-ray

spectrometer flown aboard the DMSP-F2 satellite on December 2, 1977.

20
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the same composite of city lights and visible auroral as in Figure 3 with X-

ray intensities superimposed on the auroral light. The vertical scale covers

energies from 1.5 to 20 keV in 15 integral steps and the X-ray flux intensity

is depicted by the shades of gray in the vertical lines.

Various methods have been examined by us to invert the bremsstrahlung

process formalism in order to determine the input electron spectrum. Once a

satisfactory electron spectrum is derived then standard calculations can

produce energy input rates, ionization densities and conductivities.

Figure 8shows a dawn (a) and a dusk (b) crossing of the northern auroral

regions on January 31, 1978. The aurora are barely visible in the photographs

probably due to sunlight contamination. The three-dimensional plots are

height profiles of the energy density deposition rates as a function of time

or crossing of the polar regions. In each case, the top curve represents

calculations of the average electron energy deposition (keV/cm3 - sec) from

the directly measured precipitation electron from 1 to 20 keV. The bottom

curve, marked *X-Rays", represents calculations using the inferred or inverted

electron spectra. The inversion technique has been discussed by Brown 5 and

presented by Mizera and Gorney.6 The energy deposition rates calculated from

both the directly measured electron spectrum and the X-ray spectrum are in

very good agreement.

Figure 9 shows electron density (cm-3 ) as a function of altitude for the

Jnay31 aralcrossings shown in Figure 8. The solid (dashed) line

represents the maximum energy deposition rate for the dawn (dusk) electron

precipitation. The A (0) represents the same calculation using the electron

spectrum calculated from the X-rays.

21
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Fig. 8a A dawn photograph of the northern auroral region with midnight on

the top right taken on January 31, 1978 by the DMSP-F2 satellite.

The 3-D plots are energy deposition rates calculated from precipi-

tating electrons from 1-20 keV (top) and from X-ray fluxes. The

altitude profiles extend from 150 km down to 80 km. The satellite

crosses the auroral arc near 4.8 hrs. magnetic local time.

22

I

.,. '.

.%%i ' b *.* % . % * %W . : .' ** -. ..
,

,.:* .~.~ 0 Os '5



DMSP F2

DUSK
AURORA

1600

1600 x RYSS 800]

1200

00

tt goog

S ML

Fig. 8b The dusk continuation of the January 31, 1978 northern auroral

crossing. Visible auroral arcs are seen at the bottom of the

photograph and extend under the satellite ground track. Even though

the auroral arcs are barely visible, the energy deposition rates are

almost a factor of 2 larger than the dawn crossing.
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DAWN DUSKII _, . .. ELCTRONSJ

II- A 0 "X-RAYS"
140 IAN 31, 1970

I 21 hrs UT

MIDLATITUDE

,100 -r>

103 2 4 6 8 104 2 4 6 B105 2

- Fig. 9 Altitude profiles of the logarithm of the electron density (cm - 3 )

calculated from the peak dawn and dusk energy depositions on January

31, 1978 (Figs. 8a and b). Note how the dusk local time electron

density is almost a factor of 2 larger than the dawn and occurs at a

*lower altitude.
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Once the electron density is determined, standard conductivity

calculations can be made. Figure 10 shows the height profiles and integrated

Pedersen and Hall conductivities calculated from the electron density in the

dawn (a) and the dusk (b) profiles. From this example and numerous others, we

can obtain reasonably accurate representations of the primary electron

spectrum by remotely sensing auroral X-ray fluxes and thus infer the

perturbations in the ionospheric density.

The first limb to limb X-ray images of the high latitude regions of the

earth were obtained by a scanning imager flown on the DMSP-F6 satellite

launched into a dawn-dusk local time orbit on December 20, 1982. Figure 11

* shows two images taken on January 18, 1983. The image on the right shows the

standard USAF DMSP visible image and that on the left was taken in the X-ray

energy range from 2 to 21 keV. The visible image has spatial resolution of a

few km whereas the X-ray image has spatial resolution of 100 km. Never-

theless, the macroscopic features of the visible aurora such as dawn and dusk

boundaries, the surge of electron precipitation onto the polar cap are well

duplicated in the X-ray image.

Figure 12 shows three consecutive X-ray images of the earth's polar

regions with the north polar crossing, shown in the previous figure, displayed

in the middle panel. The two south polar crossings, preceding and following

the north polar crossing, are displayed on the left and right, respectively.

The southern images have been reversed in time so that the dawn auroral

crossings are on the bottom, local midnight is to the left and the dusk aurora

are on top in order to correspond with the north polar crossing format.

Figure 12 clearly shows that scattered X-rays from the sunlit southern polar

cap do not degrade the X-ray image.

25



-1 2 .1122.1 mhs

14D

Fi. -'Te"aw ltiud prfiesofth Pderenad aiNo-uciite

13 -

* n(mol)fo'hep. elcrondesiyhhoninFi. . h

calculated from the X-ray measurement in parenthesiLs.

"150 0' ' " 14.q 115,1I1 ratis

-. ,

120 0

JAN 31. 1918
21 hrs UT

110 DUW PEDERS ' -N\" ,/N /

-EECTRONS ,4
0 "X-AYS"

to HAU.

10 I0
"6  

10
.  

10
4  

10

olmhoso mi

Fig. alOa bu for the peak electron profle in the duk sho n

i fn Fig. 9.

,. 26

*~3 0 * b?

".. --.,,.... ,, , .,, ,, .., . . ,.,. ., .,,,.. .... . . ..o.. . ., .. , , .. . - .,1. ,, ., ..... :. -, . • ... .. . . . . . . . . . . . . . . ... 3. .19,78, ,, :;,: ' .'. ',, \



............. ~ wv r r. . f

X-Rays Visible ~

Fig 11Xryadvsbeiae-ae yisrmnsaor h MPF

X-Raysh Visible lft

27,



%; 7 7

X-Rays

South North South

Fig. 12 Three consecutive X-ray images taken on January 18, 1983. The two

outer images were taken over the sunlit southern polar region with

no increase in signal background.
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Summary

The ionosphere plays an Important role in commnications of radio waves

from very low frequencies in the EMF range to ultra high frequencies in the

UHF range. The ionosphere is also an important boundary between atmospheric

and magnetospheric phenomena. Enhanced ionization and conductivity changes

are important quantities that should be monitored on a global scale in near

real time. Precipitating electrons above a few keV are a major source of high

latitude ionospheric perturbations. Determining the magnitude of this source

requires remote sensing of electromagnetic radiation emitted as a by-product

of the ionization.

In the visible wavelengths, light is emitted from different excited

states of atoms and molecules at different altitudes. Some Information about

the height dependence of the ionization can be obtained by comparing different

wavelength emissions. Also, a commonly observed emission at 391.4 nm from

* molecular nitrogen is thought to vary in proportion to the total energy

deposited where nitrogen is abundant.

UV imaging has some advantages over visible in its ability to observe

certain UV wavelength emissions in the presence of scattered sunlight.

However quantitative information about the altitude and intensity of

ionization is not yet available.

X-rays in the keV energy range can be used to image the source of

ionization in daylight and darkness and provide information about the primary

electron spectrum. As X-ray imagers become more sophisticated, the temporal

and spatial resolution of the images will improve.
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation to conducting exper-

imental and theoretical investigations necessary for the evaluation and applica-

tion of scientific advances to new military space systems. Versatility and

flexibility have been developed to a high degree by the laboratory personnel in

dealing with the many problems encountered in the nation's rapidly developing

space system. Expertise in the latest scientific developments is vital to the

accomplishment of tasks related to these problems. The laboratories that con-

tribute to this research are:

AeopZ!lcs Laboratory: Launch vehicle and reentry aerodynamics and heat
transfer, propulsion chemistry and fluid mechanics, structural mechanics, flight
dynamics; high-temperature thernomechanics, gas kinetics and radiation; research
in environmental chemistry and contamination; cv and pulsed chemical laser
development including chemical kinetics. spectroscopy, optical resonators and
be pointing, atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, s-to-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
battery electrochemistry, space vacuum and radiation effects on materials, lu-
brication and surface phenomena, thermionLe emission, photosensitive materials
and detectors, atomic frequency standards, and bioenvironmentel research and
monitoring.

Electronics Research Labortory: Kicco1ectcronics, GaAs low-noise and
powec, devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-optica;
communicatiom sciences, applied electronics, semiconductor crystal and device
physics, radiometric Imaging; mlllimeter-wave and microwave technology.

Information Sciences Research Office: Program verification, program trans-
lation, performance-seneitive system design, distributed architectures for
spaceborne compUteL-, fault-tolerant computer systems, artificial intelligence,
and microelectronics applications.

aterisle Sciences Laboratory: Development of new materials: metal matrix
coempostes, polymers, and M forms of carbon; component failure analysis and
reliability; fracture machanics and stress corrosion; evaluation of materials in
space enviroment; material$ performance in space transportation systems; anal-

ysis of system vulnerability and survivability In enemy-induced environments.

Ste Sciences Laboratory: Atmospheric and ionospheric physics, radiation
free tff dteoe ere, nsity and composition of the upper atmosphere, aurorae
and atrg/ow; aftnotespheric€ physics. cosmic rays, generation and propagation of

plame waves is the magnetosphere; solar physics, Infrared astronomy; the
effects of sucleer explosion*, magnetic storms, and solar activity on the

earth's atmosphere, Ionosphere, and sagnetosphere; the effects of optical,
electroemsetie, and particulate radiations in space on space systems.
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